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###### The paper explained

Problem {#emmm201911419-sec-0002}
=======

Unverricht--Lundborg‐type (EPM1) epilepsy is a neurodegenerative disorder with the highest incidence of progressive myoclonus epilepsies worldwide. Mutations in cystatin B (CSTB) are the primary genetic cause of EPM1. However, the molecular and cellular mechanisms involved in the development of EPM1 are not fully understood.

Results {#emmm201911419-sec-0003}
=======

We showed that CSTB is essential for cell proliferation and migration during brain development. We demonstrated that CSTB is secreted and modulates the extracellular environment. Perturbations of the extracellular environment can lead to an imbalance of excitation/inhibition, contributing to the insurgence of several neurological and psychiatric disorders.

Impact {#emmm201911419-sec-0004}
======

Overall, our study reveals a role for CSTB in regulating the early stages of human neurogenesis by acting as a short‐ and long‐distance mediator and sheds new light on the possible mechanism underlying this form of epilepsy suggesting possible therapeutic strategies to antagonize the progression of the pathological phenotype.

Introduction {#emmm201911419-sec-0005}
============

EPM1 or Unverricht--Lundborg disease (OMIM \#254800) is an autosomal recessive disorder with the onset of symptoms starting between 6 and 13 years of age (Kälviäinen *et al*, [2008](#emmm201911419-bib-0033){ref-type="ref"}). Although EPM1 is a rare disease (most common in Finland with an incidence of 1:20,000; Kälviäinen *et al*, [2008](#emmm201911419-bib-0033){ref-type="ref"}), it is the most common form of progressive myoclonus epilepsy (PME). PME is a group of etiologically and clinically heterogeneous inherited disorders sharing a combination of myoclonus, epilepsy, and progressive neurological deterioration (Berkovic *et al*, [1986](#emmm201911419-bib-0006){ref-type="ref"}). The most common mutation described in EPM1 patients is the expansion of an unstable dodecamer in the *cystatin B* (*CSTB*) promoter which is found in homozygosis (90% of the EPM1 patients) or in heterozygosis together with an allele carrying a point mutation (Lafrenière *et al*, [1997](#emmm201911419-bib-0039){ref-type="ref"}; Lalioti *et al*, [1997](#emmm201911419-bib-0040){ref-type="ref"}; Virtaneva *et al*, [1997](#emmm201911419-bib-0074){ref-type="ref"}; Canafoglia *et al*, [2012](#emmm201911419-bib-0011){ref-type="ref"}). The first two patients with a homozygous R68X mutation in the *CSTB* gene present severe phenotypes with microcephaly and developmental delay starting from 3 months of age in one case (Mancini *et al*, [2016](#emmm201911419-bib-0048){ref-type="ref"}).

CSTB is a widely distributed protein found in most cell types and tissues where it inhibits cysteine proteases, most frequently cathepsin B. Knockout (KO) of *Cstb* in mice generates a neurological disorder with some of the human EPM1 symptoms (Pennacchio *et al*, [1996](#emmm201911419-bib-0055){ref-type="ref"}, [1998](#emmm201911419-bib-0056){ref-type="ref"}). Moreover, neuronal atrophy in the cerebellum (with the Purkinje cells particularly affected), in the cortex, and in the hippocampus is observed both in Cstb‐deficient mice and in EPM1 patients (Eldridge *et al*, [1983](#emmm201911419-bib-0025){ref-type="ref"}; Pennacchio *et al*, [1998](#emmm201911419-bib-0056){ref-type="ref"}; Koskenkorva *et al*, [2009](#emmm201911419-bib-0036){ref-type="ref"}). The interpretation of EPM1 patients' histopathological data is complicated by the toxic effect of antiepileptic drugs and the degeneration of post‐mortem human specimens obtained at late stages of the disease (Koskiniemi *et al*, [1974](#emmm201911419-bib-0037){ref-type="ref"}; Calkins *et al*, [1998](#emmm201911419-bib-0010){ref-type="ref"}; Alakurtti *et al*, [2005](#emmm201911419-bib-0002){ref-type="ref"}). The analyses show non‐specific gliosis and neuronal degeneration without intracellular inclusions in many areas of the central nervous system. Besides, a loss of GABAergic neuronal terminals has been described in both the mouse model and human patients (Buzzi *et al*, [2012](#emmm201911419-bib-0009){ref-type="ref"}).

Loss of the antiprotease function of CSTB is the cause of EPM1 (Pennacchio *et al*, [1996](#emmm201911419-bib-0055){ref-type="ref"}), whereas evidence supporting the involvement of cathepsin B is debatable (Di Giaimo *et al*, [2019](#emmm201911419-bib-0020){ref-type="ref"}). Interestingly, the pathological phenotype of *Cstb*‐KO mice cannot be efficiently rescued by genetic removal of the target cathepsins (Houseweart *et al*, [2003](#emmm201911419-bib-0029){ref-type="ref"}), suggesting some loss of function other than protease inhibition. On the contrary, the overexpression of another protein of the same cystatin family, cystatin C, rescues degenerating neurons in the *Cstb*‐KO mouse model (Kaur *et al*, [2010](#emmm201911419-bib-0034){ref-type="ref"}). Through a yeast two‐hybrid system, we have isolated several cytoplasmic proteins that specifically bind Cstb and are involved in cytoskeletal functions and not antiproteolytic function (Di Giaimo *et al*, [2019](#emmm201911419-bib-0020){ref-type="ref"}; Riccio *et al*, [2005](#emmm201911419-bib-0061){ref-type="ref"}; Rispoli *et al*, [2013](#emmm201911419-bib-0062){ref-type="ref"}) Alternative roles, apart from the inhibition of cathepsins, have been described in astrocytes isolated from *Cstb*‐KO mice showing increased autophagy (Polajnar *et al*, [2014](#emmm201911419-bib-0058){ref-type="ref"}). A possible function of Cstb in vesicular trafficking and synapse physiology has been proposed by gene expression analyses of granule neurons from *Cstb*‐KO mouse (Joensuu *et al*, [2014](#emmm201911419-bib-0031){ref-type="ref"}) and, recently, by studies on the involvement of CSTB in synaptic plasticity (Penna *et al*, [2019](#emmm201911419-bib-0054){ref-type="ref"}).

Taken together, these results suggest that the mouse phenotypes only partially recapitulate the human EPM1 patient phenotype(s).

Here, we study the role of CSTB during brain development by comparing the biological consequences of overexpression of CSTB and a pathological mutant variant in the mouse developing cortex, and in human cerebral organoids (hCOs) (Lancaster & Knoblich, [2015](#emmm201911419-bib-0042){ref-type="ref"}; O\'Neill *et al*, [2018](#emmm201911419-bib-0052){ref-type="ref"}; Klaus *et al*, [2019](#emmm201911419-bib-0035){ref-type="ref"}). Moreover, we generated and analyzed patient‐specific induced pluripotent stem cells (iPSCs) that we differentiated into hCOs from EPM1 patients with different mutations (Canafoglia *et al*, [2012](#emmm201911419-bib-0011){ref-type="ref"}).

Our results indicate that physiological levels of CSTB are essential for correct cell proliferation and interneurons migration both *in vivo* and *in vitro*. On the contrary, lower levels of functional CSTB in patient‐derived hCOs result in a reduction of progenitor cell proliferation, premature differentiation, and reduced recruitment of interneurons. Mechanistically, we found CSTB to be secreted and its downregulation in patient‐derived hCOs to hamper the composition of the extracellular environment, as suggested by proteomic analyses. Therefore, we propose a novel role of this protein in the extracellular space.

Results {#emmm201911419-sec-0006}
=======

CSTB expression during cortical development in hCOs and mouse developing cortex {#emmm201911419-sec-0007}
-------------------------------------------------------------------------------

To gain insight into the temporal and spatial localization of CSTB, we generated iPSC‐derived hCOs and studied its expression across development. *CSTB* transcript is expressed in hCOs in culture, starting on day 16 (d16) until d140 (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}A). The CSTB protein is detected from d40 in hCOs (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}B). It is expressed ubiquitously in both progenitors and neurons as confirmed by gene expression analysis of FACS sorted PAX6^+^ progenitors and NEUN^+^ neurons from hCOs at d135 in culture (Figs [1](#emmm201911419-fig-0001){ref-type="fig"}C and [EV1](#emmm201911419-fig-0001ev){ref-type="fig"}A). Single‐cell transcriptomic analyses performed in the human fetal cortex confirm the expression of CSTB in progenitor and neurons (Polioudakis *et al*, [2019](#emmm201911419-bib-0059){ref-type="ref"}; Fig [EV1](#emmm201911419-fig-0001ev){ref-type="fig"}B). We also detected Cstb in the cortex and ganglionic eminence of the mouse developing brain from embryonic day 14 (E14) (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}D and E). In accordance with gene expression data (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}C), its expression is ubiquitous in the developing mouse cortex. In particular, it is enriched at the ventricular surface of the cortex, overlapping to stable microtubules (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}E--e‴), in the intermediate zone, and in the cortical plate (Fig [1](#emmm201911419-fig-0001){ref-type="fig"}E).

![CSTB expression during cortical development in hCOs and mice\
A*CSTB* gene expression analysis in hCOs, starting from day (d) 16 until d140. For every time point, at least 3 different samples were analyzed; each sample was made by a pool of 3--4 hCOs. Data are represented as mean ± SEM. Unpaired *t*‐test (\**P* \< 0.05, \*\**P* \< 0.01).BMicrographs of sections of control hCOs immunostained with CSTB antibody at different time points in culture. The dashed lines represent the apical surface of the cavities/ventricles (V‐like). The cortical plate‐like side is indicated (CP‐like).CReal‐time qPCR results of *PAX6*,*NEUN*,*NESTIN*, and *CSTB* gene expression levels in PAX6‐ and NEUN‐ FACS‐sorted nuclei from f‐CTRL d135 hCOs. Data are represented as mean ± SEM. Statistical significance was based on Student\'s *t*‐test (\**P* \< 0.05, \*\**P* \< 0.01). For PAX6, 10 samples were analyzed as biological replicates: 5 for Pax6^+^ sorted nuclei and 5 for Neun^+^ sorted nuclei; for NEUN, NESTIN, and CSTB, 9 samples were analyzed as biological replicates: 5 for Pax6^+^ sorted nuclei and 4 for Neun^+^ sorted nuclei.DWestern blot analysis and relative quantifications (arbitrary units, a.u.) on protein extracts from cortical (Cx) and ganglionic eminence (GE) tissues for Cstb using Actb as a loading control. Cx and GE tissues from mouse embryos at different time points of development as indicated in the figure.EMicrograph of coronal sections of E16 mouse cerebral cortices immunostained for Cstb and acetylated tubulin (acTub) as marker for stabilized microtubules. Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles. Nuclei (blue) are stained with DAPI.Data information: Scale bars: 50 μm in (B); 100 μm in (E); and 20 μm in (e′, e″, and e‴). Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g002){#emmm201911419-fig-0001}

![CSTB expression during cortical development in hCOs and human tissue\
AFACS strategy for nuclei sorting from d135 hCOs. NEUN antibody was used to select neuronal nuclei and PAX6 antibody to select progenitor cells. Control plots obtained with secondary antibodies (2° Ab) only are also shown.BTop: tSNE plots colored by cell types isolated from human embryonic cortical tissues on the left and by *CSTB* gene expression, red, on the right. Bottom: Boxplot of *CSTB* relative expression in each of the cell types isolated from human embryonic cortical tissues (Polioudakis *et al*, [2019](#emmm201911419-bib-0059){ref-type="ref"}).](EMMM-12-e11419-g003){#emmm201911419-fig-0001ev}

CSTB overexpression induces progenitor cell expansion {#emmm201911419-sec-0008}
-----------------------------------------------------

In order to investigate the role of CSTB during development, we overexpressed GFP‐Cstb in hCOs at d35 in culture and in the mouse developing brain (E14) and studied its effect on cell proliferation (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}). The total number of proliferative KI67^+^GFP^+^ cells was not changed in hCOs (Fig [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}A) nor mouse cortex (Fig [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}B) but a significant increase in total KI67^+^ proliferative cells was observed after electroporation of Cstb compared to control in hCOs 5 days post‐electroporation (dpe) (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}A and B). Similarly, we observed an increase in total Ki67^+^ proliferative cells, *in vivo*, in the mouse cortex, at 2 dpe (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}C and D). In order to investigate cell cycle dynamics, we injected intraperitoneally bromodeoxyuridine (BrdU) for 30 min to detect cells in the S‐phase. In addition, we performed immunohistochemistry for Ki67 to label the total number of proliferating cells, Phospho‐Histone H3 (PH3) to label cells in M‐phase, and CyclinD1 (CcndD1), which is specific for G1‐phase. Analysis of these different markers revealed a significantly increased number of cells in S‐phase (BrdU^+^Ki67^+^) upon overexpression of Cstb (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}C and E) but only a trend (not significant) toward an increase in the number of cells in M‐phase (PH3^+^) and G1‐phase (CcnD1^+^) (Figs [2](#emmm201911419-fig-0002){ref-type="fig"}F and EV2C, and [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}D and E).

![CSTB overexpression induces progenitor cell expansion in hCOs and in the developing mouse cortex\
AMicrograph sections of d40 hCOs electroporated with GFP‐empty vector control or GFP‐Cstb and analyzed 5 dpe. Sections were then immunostained for GFP and KI67. The dashed lines represent the apical surface of the cavities/ventricles (V‐like). The cortical plate‐like side is indicated (CP‐like).BQuantification of the total number of proliferating KI67^+^ cells/area (μm^2^) of V‐like structures transfected with GFP‐empty vector control or GFP‐Cstb in (A).CMicrograph of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or GFP‐Cstb, analyzed 2 dpe, and immunostained with GFP, Ki67, and BrdU 30 min after BrdU injection. Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.D, EQuantification of the total number of proliferating Ki67^+^ cells/area (μm^2^) (D) and Ki67^+^BrdU^+^ cells/area (μm^2^) (E) of ventricles transfected with GFP‐empty vector or GFP‐Cstb in (C).F, GMicrograph of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or GFP‐Cstb, analyzed 2 dpe, and immunostained with GFP and Phospho‐Histone H3 (PH3) (F) and with GFP, Pax6, and Tbr2 (G). Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.H, IDistribution of proliferating Ki67^+^/BrdU^+^ cells (H) and mitotic progenitor PH3^+^ cells (I) in the mouse cortex. The cortex was subdivided into 5 equal bins---Bin1 corresponded to the apical side and Bin5 to the pial side of the cortex and PH3^+^ cells or Ki67^+^/BrdU^+^ cells calculated in each Bin.J, KDistribution of Tbr2^+^ intermediate progenitors (J) and Pax6^+^Tbr2^+^ cells (K) in the mouse cortex. The cortex was subdivided into 5 equal bins---Bin1 corresponded to the apical side and Bin5 to pial side of the cortex and Tbr2^+^ cells or Pax6^+^Tbr2^+^ cells calculated in each Bin.Data information: Scale bars: 50 μm in (A); and 100 μm in (C, F, and G). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\**P* \< 0.01). Every dot in the plots refers to independent analyzed ventricles per hCO from at least 3 different hCOs generated in at least 2 independent batches, or independent analyzed mouse brains. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g004){#emmm201911419-fig-0002}

![CSTB overexpression induces progenitor cell expansion in hCOs and in the developing mouse cortex\
AQuantification of the total number of transfected proliferating KI67^+^GFP^+^ cells/area (μm^2^) of ventricle‐like structures of d40 hCOs electroporated with GFP‐empty vector control or GFP‐Cstb and analyzed 5 dpe. Data shown as *Z*‐scores relative to the mean of b‐CTRL.B, CQuantification of the total number of transfected proliferating Ki67^+^GFP^+^ cells/area (μm^2^) (B) and PH3^+^ cells/area (μm^2^) (C) of ventricular structures of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or Cstb and analyzed 2 dpe.DMicrograph of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or Cstb, analyzed 2 dpe, and immunostained with GFP and Ccnd1. Ventricle (V) is indicated. The dashed lines represent the apical surface of the ventricles.EQuantification of the total number of proliferating Ccnd1^+^ cells/area (μm^2^) of ventricular structures of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or Cstb and analyzed 2 dpe in (D).F--HQuantification of the total number of progenitors Pax6^+^ cells/area (μm^2^) (F), intermediate progenitors Tbr2^+^ cells/area (μm^2^) (G) and Pax6^+^Tbr2^+^ cells/area (μm^2^) (H) of ventricular structures of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or Cstb and analyzed 2 dpe. Data shown as *Z*‐scores relative to the mean of CTRL.I, JDistribution of electroporated Pax6^+^ cells (I) and progenitor GFP^+^ cells (J) in the mouse cortex. The cortex was subdivided into 5 equal bins---Bin1 corresponded to the apical side and Bin5 to the pial side of the cortex and GFP^+^ cells or Pax6^+^ cells calculated in each Bin.KQuantification of the total number of non‐transfected proliferating PH3^+^ GFP negative cells/area of Bin3 out of the 5 equally distributed 5 bins in E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector or Cstb and analyzed 2 dpe.Data information: Scale bars: 100 μm in (D). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, ns = not significant according to the test). Every dot in the plots refers to independent analyzed ventricles per hCO from at least 3 different hCOs generated in at least 2 independent batches, or independent analyzed mouse brains. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g005){#emmm201911419-fig-0002ev}

These results indicate that overexpression of Cstb in the developing mouse cortex results in increased proliferation and affects specifically cells in S‐phase.

In order to define which type of progenitor cells is affected upon Cstb overexpression, we analyzed the distinct populations of progenitors, namely radial glia (Pax6^+^) and intermediate progenitors (Tbr2^+^) (Figs [2](#emmm201911419-fig-0002){ref-type="fig"}G and [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}F--H). The total number of Ki67^+^ progenitors was significantly increased, although the specific populations singularly did not show a significant change, despite the clear tendency toward an increase. Interestingly, also the double‐positive Pax6^+^/Tbr2^+^ cells, in transition between the two stages, show a non‐significant increase. This indicates that Cstb is not crucial for cell fate but generally for cell proliferation (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}D).

As the total number of Ki67^+^ and BrdU^+^ cycling progenitors is increased (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}E), we analyzed the distribution of cells in S‐phase (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}H) and in M‐phase (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}I) by subdividing the electroporated cerebral cortex into five equally distributed bins; in both cases, we detected a clear accumulation of cells in Bin3 corresponding to the intermediate zone.

Accordingly, we found both Tbr2^+^ IPs and Pax6^+^/Tbr2^+^ cells accumulating in the same area (Fig [2](#emmm201911419-fig-0002){ref-type="fig"}J and K). On the contrary, the distribution of Pax6^+^ RGs and GFP^+^ cells was not altered (Fig [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}I and J).

The ectopic accumulation of cells in Bin3 upon overexpression of Cstb was significantly evident also for PH3^+^ cells not labeled with GFP (GFP^−^), suggesting a cell‐non‐autonomous mechanism (Fig [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}K).

Overall, these results indicate that increased levels of CSTB interfere with physiological cell proliferation during neurogenesis in hCOs and in the developing mouse cortex.

CSTB is secreted and induces recruitment of migrating interneurons {#emmm201911419-sec-0009}
------------------------------------------------------------------

Recently, we reported that CSTB is detected in synaptic regions and is probably involved in synaptic plasticity since it is locally synthesized and secreted from synaptosomes (Penna *et al*, [2019](#emmm201911419-bib-0054){ref-type="ref"}). Therefore, we hypothesized that Cstb is secreted, and thus, we analyzed the CSF of E14 mouse embryos (Fig [3](#emmm201911419-fig-0003){ref-type="fig"}A), and the conditioned medium (CM) of E14 mouse cortical cells and hCOs at different time points (Fig [3](#emmm201911419-fig-0003){ref-type="fig"}B and C) in order to verify its secretion. The analysis of CM revealed the presence of CSTB, but not GAPDH, which was only detectable in protein extract (Fig [3](#emmm201911419-fig-0003){ref-type="fig"}C). Moreover, we overexpressed GFP‐Cstb in mouse primary cortical culture demonstrating that also GFP‐Cstb is secreted in their CM, while GFP was not detected in CM from cells transfected with the control plasmid (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}A and B). We previously identified some of the Cstb interactors by using a yeast two‐hybrid system (Di Giaimo *et al*, [2019](#emmm201911419-bib-0020){ref-type="ref"}). Among the Cstb partners, we identified kinesin 3 (Kif1a), a molecular motor, and we thus hypothesized a microtubule‐dependent transport and/or secretion of Cstb. To verify this hypothesis, we treated E14 mouse primary cells with 100 ng/ml nocodazole, a drug that has been shown to interferes with the polymerization of microtubules (Yang *et al*, [2010](#emmm201911419-bib-0076){ref-type="ref"}). Additionally, we knocked down the expression of Kif1a and Kif5a by transfecting shRNAs targeting both transcripts (Tsai *et al*, [2010a](#emmm201911419-bib-0072){ref-type="ref"},[b](#emmm201911419-bib-0073){ref-type="ref"}). Our results show that the secretion of Cstb is inhibited by nocodazole treatment and by Kif1a downregulation (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}C and D). Conversely, downregulation of Kif5a has no effect suggesting a primary role of Kif1a in Cstb secretion (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}C and D).

![CSTB is secreted and induces recruitment of migrating interneurons\
A--CWestern blot analysis for Cstb in the CSF from 2 different E14 mouse embryos (A), in the CM from E14 cortical cells in culture for 4 days (B), in the CM from hCOs after 4 days in culture (C). The CM was collected from hCOs at different time points in culture (d19, d38, d60, d80). Protein extract (PE) from 60 days hCOs was used as a positive control. GAPDH immunostaining was used as a negative control on hCOs CM. Ponceau Red staining is shown to indicate the presence of proteins at comparable levels in the CM samples.DMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14, co‐electroporated with mCherry‐expressing vector and HA‐empty vector or HA‐Cstb, and analyzed 3 dpe. Immunostaining with RFP to identify electroporated cells and GFP to identify migrating interneurons in the GAD65‐GFP transgenic mouse line. Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.EDistribution of GFP^+^ interneurons in the 5 equal bins of the mouse developing cortex---Bin1 corresponded to the apical side and Bin5 to the pial side. Ventricle (V) is indicated. The dashed lines represent the apical surface of the ventricles.FMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14, co‐electroporated with mCherry‐ and HA‐Cstb‐expressing vectors, and analyzed 3 dpe. Immunostaining with RFP to identify electroporated cells and GFP to identify migrating interneurons in the GAD67‐GFP transgenic mouse line. Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.GDistribution of GFP^+^ interneurons in the 5 equal bins of the mouse developing cortex comparing electroporated sides with the contralateral ones in the same section to avoid different distribution of interneurons rostro‐caudally.Data information: Scale bars: 100 μm in (D and F) and 20 μm in (d′ and f′). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05). Every dot in the plots refers to independent analyzed mouse brains. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g006){#emmm201911419-fig-0003}

![CSTB is secreted and induces recruitment of migrating interneurons. Downregulation of Cstb and R68X overexpression results in a decreased number of progenitors and migrating interneurons in the developing mouse cortex\
AWestern blot analysis for Cstb in the CM from E14 cortical cells in culture for 4 days. The primary cells were transfected with a plasmid expressing GFP alone or GFP‐Cstb. In the lanes of the CMs derived from cells transfected with GFP as control, only a band is detectable corresponding to the endogenous Cstb; in the lanes of the CMs derived from cells transfected with GFP‐Cstb, one band corresponding to the endogenous Cstb and another one corresponding to the exogenous GFP‐Cstb are detectable.BWestern blot analysis for GFP in the CM from E14 cortical cells in culture for 2, 4, and 7 days. The primary cells were transfected with a plasmid expressing GFP alone or GFP‐Cstb. In the lanes of the CMs derived from cells transfected with GFP as control, no band is detectable; in the lanes of the CMs derived from cells transfected with GFP‐Cstb, one band corresponding to the fused GFP‐Cstb is detectable.CWestern blot analysis for Cstb in the CM from E14 cortical cells in culture for 4 days. Top lane: CM from cells treated with nocodazole and untreated control cells. Middle lane: CM from cells transfected with control plasmid and *Kif1a*‐shRNA. Bottom lane: CM from cells transfected with control plasmid and *Kif5a*‐shRNA.DQuantification of WB in C.EQuantification of the total number of GAD67‐GFP interneurons/area (μm^2^), related to Fig [3](#emmm201911419-fig-0003){ref-type="fig"}F.FQuantification of the total number of GAD65‐GFP interneurons/area, related to Fig [3](#emmm201911419-fig-0003){ref-type="fig"}D.GDetail of micrograph of coronal sections of E17 cerebral cortices, from GAD67‐GFP mice, electroporated at E14, co‐electroporated with mCherry‐expressing vector and HA‐empty vector or HA‐Cstb, and analyzed 3 dpe. Immunostaining with RFP to identify electroporated cells and GFP to identify migrating interneurons in the GAD65‐GFP transgenic mouse line.HImmunostaining for GFP (Green, to identify miR‐transfected cells), Cstb (red), and DAPI (blue) on primary E14 mouse cortical cells transfected with miRNA‐*Cstb*‐ or miRneg‐expressing plasmids and immunostained 3 dpt and 7 dpt.IQuantification of the total number of transfected proliferating Ki67^+^ GFP cells/area (μm^2^) of ventricular structures transfected with GFP‐miR‐neg vector (CTRL) or GFP‐miRNA‐*Cstb* (KD).JWestern blot analysis for Cstb in the CM from E14 cortical cells in culture for 4 days. The primary cells were transfected with a plasmid expressing GFP‐R68X mutant Cstb. Only a band is detectable corresponding to the endogenous Cstb; no band corresponding to GFP‐R68X is detectable indicating that it is not present in the CM.KWestern blot analysis for Cstb on the protein extracts from E14 primary cortex cells transfected with GFP‐Cstb‐ or GFP‐R68X‐expressing plasmids. Cstb^+^ bands corresponding to monomeric and dimeric forms are identified.LMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14 with GFP‐Cstb, R68X, or miRNA (KD), analyzed 3 dpe, and immunostained with Dcx.MQuantification of the total number of ventricles with apically located Dcx^+^ cells in (L).Data information: Nuclei (blue) are stained with DAPI. Scale bars: 50 μm in (G and L), 20 μm in (H). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\**P* \< 0.01, ns = not significant according to the test) in (D--F) and on exact binomial test (\*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001) in (I and M). Every dot in the plots refers to independent analyzed mouse brains. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g007){#emmm201911419-fig-0003ev}

Loss of interneuronal GABA synaptic terminals has been observed in both the *Cstb*‐KO mouse model and in EPM1 patients (Buzzi *et al*, [2012](#emmm201911419-bib-0009){ref-type="ref"}). To investigate a possible mechanism of Cstb in interneurons, we first speculated that a pathologically low amount of Cstb could interfere with their tangential migration from the ganglionic eminence to the dorsal cerebral cortex (Silva *et al*, [2019](#emmm201911419-bib-0069){ref-type="ref"}). This could explain the imbalance of excitatory/inhibitory neurons, often responsible for seizures. We then investigated if the overexpression of Cstb exclusively in the dorsal forebrain could have a positive effect on the recruitment or distribution of ventrally derived interneurons. To follow the migration of interneurons, we took advantage of two transgenic reporter mouse lines: the GAD65‐GFP transgenic mouse line (López‐Bendito *et al*, [2004](#emmm201911419-bib-0047){ref-type="ref"}), and GAD67‐GFP knock‐in mouse line (Tamamaki *et al*, [2003](#emmm201911419-bib-0071){ref-type="ref"}). At E14, we co‐electroporated dorsal apical progenitors of the mouse cortex with a plasmid expressing Cstb fused to the HA and a plasmid expressing mCherry, to visualize transfected cells. Three days post‐electroporation, we analyzed the number and distribution of interneurons in the cerebral cortex (Fig [3](#emmm201911419-fig-0003){ref-type="fig"}D--G). The total number of GAD65‐GFP^+^ or GAD67‐GFP^+^ interneurons did not differ between dorsal areas electroporated with the HA‐Cstb construct or HA only (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}E and F). However, in both transgenic lines, upon overexpression of Cstb, we detected a redistribution of the interneurons, resulting in a significant accumulation in the electroporated area (Fig [3](#emmm201911419-fig-0003){ref-type="fig"}D--G, Bin3; and Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}G). In particular, we observed a clear enrichment of (GAD65 and GAD67) GFP^+^ interneurons in close proximity to Cstb‐expressing cells (Figs [3](#emmm201911419-fig-0003){ref-type="fig"}d′--f′ and [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}G), suggesting the involvement of Cstb in the physiological recruitment of interneurons during development.

Downregulation of *Cstb* results in decreased number and distribution of progenitors {#emmm201911419-sec-0010}
------------------------------------------------------------------------------------

The vast majority of EPM1 patients are either homozygous for expansion (\> 30) of the dodecamer repeat in the promoter of *CSTB* or are compound heterozygotes for the expansion of the dodecamer repeat and have a point mutation in the second allele. These mutations cause a pathological reduction of the expression of CSTB (Joensuu *et al*, [2008](#emmm201911419-bib-0030){ref-type="ref"}). To mimic the pathological condition, we reduced the expression of the *Cstb* gene *in vivo* by electroporation of a plasmid expressing a specific microRNA (miRNA) targeting *Cstb* in the mouse developing cortex (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}A). The plasmid was previously validated by immunostaining on primary E14 cortex cells and by qPCR quantification of the transcript (40% decrease in gene expression; Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}H). *Cstb* downregulated (KD) cells are differentially distributed at 3 dpe compared to cells expressing control miRneg (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}A and B). In particular, they accumulate in Bin1 and Bin2, areas of the cortex close to the ventricle, suggesting either a delay in differentiation or a defective migration. While overexpression of Cstb induces increased proliferation in the developing cortex, low levels of Cstb protein had the opposite effect (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}C and D), excluding the delay in differentiation. Similar to what we observed with overexpression, the main effect was not in GFP^+^ cells, suggesting again a cell‐non‐autonomous role of Cstb in the developing cortex (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}I).

![Downregulation of *Cstb* and R68X overexpression results in a decreased number of progenitors and migrating interneurons in the developing mouse cortex\
AMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14 with GFP‐miR‐neg vector (CTRL) and GFP‐miRNA‐*Cstb* (KD), analyzed 3 dpe, and immunostained with GFP. Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.BDistribution of electroporated GFP^+^ cells in the mouse cortex. The cortex was subdivided into 5 equal bins---Bin1 corresponded to the apical side and Bin5 to the pial side of the cortex and GFP^+^ cells calculated in each Bin.CMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14 with GFP‐empty vector control and GFP‐miRNA‐*Cstb,* analyzed 3 dpe, and immunostained with GFP and Ki67. Ventricle (V) is indicated. The dashed lines represent the apical surface of the ventricles.DQuantification of the total number of proliferating Ki67^+^ cells/area (μm^2^) of ventricular structures transfected with GFP‐miR‐neg vector or GFP‐miRNA‐*Cstb* in (C).EMicrograph sections of d40 hCOs electroporated with GFP‐Cstb‐expressing vector or GFP‐R68X mutant and analyzed 5 dpe. Sections were immunostained for GFP and Ki67. The dashed lines represent the apical surface of the cavities/ventricles (V‐like). The cortical plate‐like side is indicated (CP‐like).F, GQuantification of the total number of proliferating KI67^+^ cells/area (μm^2^) (F) and Ki67^+^GFP^+^ cells/area (μm^2^) (G) of ventricle‐like structures transfected with GFP‐empty vector control, GFP‐Cstb or GFP‐R68X mutant in (E).HMicrograph of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector control, GFP‐*Cstb*, or GFP‐R68X, analyzed 2 dpe, and immunostained with GFP and Phospho‐Histone H3 (PH3). Ventricle (V) and cortical plate (CP) are indicated. The dashed lines represent the apical surface of the ventricles.I, JDistribution of electroporated GFP^+^ cells (J) and mitotic progenitor PH3^+^ cells (K) in the mouse cortex. The cortex was subdivided into 5 equal bins---Bin1 corresponded to the apical side and Bin5 to the pial side of the cortex and GFP^+^ cells or PH3^+^ cells calculated in each Bin.KQuantification of the total number of proliferating PH3^+^ cells/area (μm^2^) of ventricular structures transfected with GFP‐empty vector control, GFP‐*Cstb*, or GFP‐R68X mutant in (H).LMicrograph of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP‐empty vector control, GFP‐*Cstb*, or GFP‐R68X mutant, analyzed 2 dpe, and immunostained with GFP and Tbr2. Ventricle (V) is indicated. The dashed lines represent the apical surface of the ventricles.MQuantification of the total number of Tbr2^+^ cells/cortical area (μm^2^) in (L). Data shown as *Z*‐scores relative to the mean of GFP control vector.NMicrograph of coronal sections of E17 mouse cerebral cortices electroporated at E14, co‐electroporated with mCherry‐expressing vector and HA‐C*stb* or R68X, and analyzed 3 dpe. Immunostaining with RFP to identify electroporated cells and GFP to identify migrating interneurons in the GAD65‐GFP transgenic mouse line. Ventricle (V) is indicated. The dashed lines represent the apical surface of the ventricles.OQuantification of the total number of GAD65‐GFP interneurons/cortical area (μm^2^) in (N). Data shown as *Z*‐scores relative to the mean of GFP control vector.Data information: Nuclei (blue) are stained with DAPI. Scale bars: 50 μm in (A, C, E, and H); 100 μm in (L and N). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001). Every dot in the plots refers to independent analyzed ventricles per hCO from at least 3 different hCOs generated in at least 2 independent batches, or independent analyzed mouse brains. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g008){#emmm201911419-fig-0004}

Taken together, our results confirm that the amount of Cstb protein in the developing mouse cortex is influencing physiological cell proliferation and neuronal positioning.

Overexpression of a pathological mutant results in reduced cell proliferation and recruitment of interneurons {#emmm201911419-sec-0011}
-------------------------------------------------------------------------------------------------------------

EPM1 patients can carry other types of mutations in the *CSTB* gene, including coding regions. For instance, Mancini *et al* ([2016](#emmm201911419-bib-0048){ref-type="ref"}) reported one of the patients with a homozygous for nonsense mutation in *CSTB*. The patients, homozygous for a c.202C\>T mutation leading to a truncated form of the CSTB protein, named R68X, have severe developmental delay, dyskinesia and microcephaly starting at 3 months of age (Mancini *et al*, [2016](#emmm201911419-bib-0048){ref-type="ref"}). To evaluate the effect of this pathological form of CSTB, we overexpressed R68X and compared the effects with the full‐length CSTB. As overexpression and downregulation of Cstb suggested a major role of Cstb in the extracellular space, we first sought to evaluate whether the pathological variant R68X was secreted. Four days post‐transfection (dpt), overexpressed R68X in E14 primary cells (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}J) was not found in the CM by Western blot (WB) (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}J), while the endogenous Cstb was always detected (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}A). Notably, the antibody for Cstb recognizes the truncated Cstb form in the total protein extracts (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}K) but not in the CM (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}J). In hCOs, R68X mutant induced a significant decrease in total KI67^+^ proliferating cells in the electroporated area at 5 dpe, compared to the wt‐Cstb and to the control GFP (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}E and F). This result indicates that the truncated form of the protein is sufficient to abolish the effect on cell proliferation obtained with the full‐length protein. Moreover, the R68X mutant results in decreased proliferation (even compared to control) (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}E and F), similarly to the downregulation (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}C and D), suggesting a dominant effect. Indeed, R68X has also a direct effect, as indicated by the significant decrease in the KI67^+^GFP^+^ cell population (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}G). On the contrary, we did not observe cell‐autonomous effects upon overexpression of the wt‐Cstb (Fig [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}A) or upon its downregulation in the mouse developing cortex (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}I). However, R68X mutation results in accumulation of Doublecortin^+^ (DCX^+^) newborn neurons at the ventricle of mouse embryonic cortex, not detected upon interference with wt‐*Cstb* expression levels (Fig [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}L and M). R68X overexpression resulted in failure of the correct positioning of the GFP^+^ electroporated cells that accumulate in Bin1 at the expense of Bin2 and Bin3 (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}H and I) and PH3^+^ mitotic cells (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}J). However, the number of PH3^+^ cells was not affected (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}K). Finally, also the total number of Tbr2^+^ IPs was decreased upon R68X overexpression compared to the full‐length Cstb (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}L and M).

As previously suggested, forced expression of Cstb induces a redistribution of interneurons. Therefore, we tested whether the truncated R68X retains this function on interneurons. On the contrary, R68X overexpression interfered with the migration of interneurons (Fig [4](#emmm201911419-fig-0004){ref-type="fig"}N and O), again strongly suggesting a dominant effect of this pathological form of CSTB. Overall, these results indicate the opposite effects of wt‐CSTB and the pathological R68X variant on cell proliferation and migration in humans and mice.

Proliferation is reduced in EPM1‐derived cerebral organoids in a cell‐non‐autonomous manner {#emmm201911419-sec-0012}
-------------------------------------------------------------------------------------------

In order to gain more insights into the pathological neurogenic phenotype of EPM1 patients, we generated hCOs from patients' cells. We collected blood samples from a control individual (b‐CTRL) and two different EPM1 patients; the first bearing a homozygous amplification in the *CSTB* promoter (UL1) and the second being compound heterozygote for the dodecamer repeat and a point mutation leading to skipping of exon 2 (UL4) (Pennacchio *et al*, [1996](#emmm201911419-bib-0055){ref-type="ref"}; Joensuu *et al*, [2008](#emmm201911419-bib-0030){ref-type="ref"}). We reprogrammed human peripheral blood mononuclear cells (PBMCs) to obtain iPSCs that were then used to generate hCOs (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}A). By real‐time qPCR and WB, we showed that the expression levels of *CSTB* mRNA and protein were strongly reduced in the UL1 and UL4 iPSCs compared to two different control iPSC lines (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}B and C), one derived from PBMCs (b‐CTRL) and one from fibroblasts (f‐CTRL) (Klaus *et al*, [2019](#emmm201911419-bib-0035){ref-type="ref"}).

![Proliferation is reduced in EPM1‐derived cerebral organoids in a cell‐non‐autonomous manner\
AScheme of the reprogramming of control and patient‐derived PBMCs to generate hCO. Representative pictures of the reprogramming procedure and hCO generation.BqRT--PCR results of *CSTB* mRNA expression level in reprogrammed iPSCs from f‐CTRL, b‐CTRL, UL1, and UL4 PBMCs. Data are represented as mean ± SEM. Statistical significance was based on Student\'s *t*‐test (\*\**P* \< 0.01). Three samples were analyzed as biological replicatesCWestern blot analysis for CSTB in the protein extracts from reprogrammed iPSCs from f‐CTRL, b‐CTRL, UL1, and UL4 PBMCs. GAPDH immunostaining was used as a positive control. Ponceau Red staining is shown to indicate the presence of proteins at comparable levels in the protein extracts.DMicrographs of 2D cultures from d30 and d60 dissociated b‐CTRL, UL1, and UL4 hCOs. Cells were immunostained for KI67.E, FQuantification of the number of KI67^+^ cells related to the number of DAPI^+^ cells in 2D cultures derived from dissociation of d30 (E) and d60 (F). Data are shown as a *Z*‐score of b‐CTRL and they are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\*\**P* \< 0.01, \*\*\**P* \< 0.001).G, HFACS plots of the Ki67^+^ (G) and PH3^+^ (H) cells by FACS analysis on 36 days old dissociated hCOs.IQuantification of the PH3^+^ cells by FACS analysis on 36 days old dissociated hCOs after exchange of conditioned medium between b‐CTRL and UL4 hCOs. Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\**P* \< 0.01) Four samples were analyzed as biological replicates FACS plots in Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}H.Data information: Scale bars: 200 μm in (A) and 50 μm in (D). Every dot in the plots refers to the number of quantified independent wells of plated cells derived from a pool of 2 or 3 independent organoids. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g009){#emmm201911419-fig-0004ev}

The parallel generation of cerebral organoids from two controls (b‐CTRL and f‐CTRL) and two EPM1 patients (UL1 and UL4) showed that UL1 and UL4 organoids were significantly smaller than controls (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}A). As suggested by our previous results, we first investigated cell proliferation and analyzed the number of PH3^+^ and KI67^+^ cells in the proliferative regions of the hCOs derived from patients and controls (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}B--G). Similarly, to the *Cstb* KD, we detected a significant decrease in proliferating KI67^+^ and PH3^+^ cells in UL1 and UL4 hCOs. Interestingly, the decrease in proliferation only became significant at d60 for UL4 (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}E), suggesting different kinetics in different pathological variants.

![Proliferation is reduced in EPM1‐derived cerebral organoids in a cell‐non‐autonomous manner\
AThe left panel shows representative images of hCOs from the different iPSC lines at the analyzed time points. The right panel shows the difference of the areas of f‐CTRL, b‐CTRL, UL1, and UL4 hCOs at different time points in culture. Data shown as *Z*‐scores relative to the mean of b‐CTRL.BMicrograph sections of d30 b‐CTRL, UL1, and UL4 hCOs immunostained for proliferation markers KI67 and PH3. The dashed lines represent the apical surface of the cavities/ventricles.C, DQuantification of the total number of proliferating Ki67^+^ cells/area (μm^2^) of ventricle‐like structures and of the number of PH3^+^ cells facing the ventricle/apical surface length (μm). Data shown as *Z*‐scores relative to the mean of b‐CTRL.EMicrograph sections of d60 b‐CTRL, UL1, and UL4 hCOs immunostained for proliferation markers KI67 and PH3. The dashed lines represent the apical surface of the cavities/ventricles.F, GQuantification of the total number of proliferating KI67^+^ cells/area of ventricle‐like structures and of the number of PH3^+^ cells facing the ventricle/the apical surface length (μm). Data shown as *Z*‐scores relative to the mean of CTRL.HScheme of the experiment with conditioned medium exchange between b‐CTRL and UL4 hCOs and quantification of the Ki67^+^ cells by FACS analysis on 36 days old dissociated hCOs. Four samples were analyzed as biological replicates. FACS plots in Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}G.Data information: Nuclei (blue) are stained with DAPI. Scale bars: 200 μm in (A); and 50 μm in (B and E). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\*\**P* \< 0.001). Every dot in the plots refers to independent analyzed ventricles per hCO from at least 3 different hCOs generated in at least 2 independent batches. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g010){#emmm201911419-fig-0005}

Additionally, cell proliferation was assessed in control and patients' cells derived from dissociated hCOs, at d30 and d60 in culture, and cultured cells for 3 days (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}D--F). Supporting the previous findings, in both UL1 and UL4 patients' cells, we detected a decrease in KI67^+^ cells at earlier (d30) and later (d60) time points (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}E and F).

In order to verify the possible cell‐non‐autonomous role of CSTB in hCOs, CM from hCO cultures was swapped between CTRL and patients' hCOs every day (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}H). After 36 days in culture, proliferation was analyzed by FACS using Ki67 (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}G) and PH3 (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}H and I). Strikingly, CTRL hCOs show a significant decrease in proliferating Ki67^+^ (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}F) and PH3^+^ cells (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}I) when exposed to CM from patients' hCOs. Conversely, patients' hCOs cultured in CTRL CM showed a significant increase in Ki67^+^ cells (Fig [5](#emmm201911419-fig-0005){ref-type="fig"}F). Once exposed to CTRL CM, the total number of Ki67^+^ cells was rescued, as it was not significantly different from CTRL hCOs.

These results clearly indicate that secreted CSTB (and/or molecules secreted depending on CSTB levels in the cell) can affect the physiological proliferation in a cell‐non‐autonomous manner.

EPM1‐derived cerebral organoids exhibit premature differentiation {#emmm201911419-sec-0013}
-----------------------------------------------------------------

To investigate if the decrease in the proliferating cells could result in a change of neuronal output, we quantified the number of DCX^+^ young neurons at d30 and d60 hCOs using immunostaining (IHC) and FACS analysis (Fig [6](#emmm201911419-fig-0006){ref-type="fig"}). DCX immunopositive cells form a wider band in the presumptive cortical plate region in both UL1 and UL4 hCOs compared to controls at both developmental time points (Fig [6](#emmm201911419-fig-0006){ref-type="fig"}A--D). This increase in DCX^+^ neurons was confirmed by FACS analysis of d60 hCOs (Figs [6](#emmm201911419-fig-0006){ref-type="fig"}E and [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}A). Moreover, the number of Tubulin Beta 3 (TUBB3^+^) neurons derived from dissociated organoids at d30 and d60, was increased (Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}B--D).

![EPM1‐derived cerebral organoids exhibit premature differentiation. Proteomic analysis in patients' hCOs\
AMicrograph sections of d30 b‐CTRL, UL1, and UL4 hCOs immunostained for the neuronal marker DCX. The dashed lines represent the apical surface of the cavities/ventricles.BQuantification of the DCX^+^ area. The area of DCX^+^ cells was calculated and related to the total area (μm^2^) of the ventricular structure. Data shown as *Z*‐scores relative to the mean of b‐CTRL.CMicrograph sections of d60 b‐CTRL, UL1, and UL4 hCOs immunostained for neuronal marker DCX. The dashed lines represent the apical surface of the cavities/ventricles.DQuantification of the DCX^+^ area. The area (μm^2^) of DCX^+^ cells was calculated and related to the total area of the ventricular structure. Data shown as *Z*‐scores relative to the mean of b‐CTRL.EQuantification of the number of neuronal DCX^+^ cells by FACS sorting on 60 days old dissociated hCOs. Data shown as *Z*‐scores relative to the mean of b‐CTRL. FACS plots in Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}A.FMicrograph sections of d30 fused organoid; ventral GFP‐f‐CTRL and dorsal UL1.GMicrographs of sections from d30 fused organoids, showing ventral GFP^+^ cells in the dorsal area. The migrating GFP^+^ cells were counted starting from 100 μm far from the ventral/dorsal border.HQuantification of ventrally derived GFP^+^ cells in dorsal/thickness of the counted area (μm^3^). The counted area was always 100 μm far from the border between ventral and dorsal area as indicated in Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}D. Every dot represents a different hCOs and different areas were counted for each hCO.IVolcano plot representing proteins identified by high‐resolution nanoLC MS/MS analysis. Up‐ and downregulated proteins (−0.3 ≥ log~2~FC ≥ 0.3) in human cerebral organoids (UL1 vs. b‐CTRL) are shown in red and green, respectively.JGOChord plot showing relationships between selected representative biological process GO terms and differentially expressed proteins identified by nanoLC MS/MS analysis. The representation shows up (red)‐ and downregulated (green) proteins differentially expressed in UL1 relative to b‐CTRL (−0.3 ≥ log~2~FC ≥ 0.3).Data information: Nuclei (blue) are stained with DAPI. Scale bars: 50 μm in (A and C); 200 μm in (F); and 100 μm in (G). Data are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\**P* \< 0.05, \*\*\**P* \< 0.001). Every dot in the plots refers to independent analyzed ventricles per hCO from at least 3 different hCOs generated in at least 2 independent batches. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g012){#emmm201911419-fig-0006}

![EPM1‐derived cerebral organoids exhibit premature differentiation. Proteomic analysis in patients' hCOs\
AFACS plots of DCX^+^ cells sorted from dissociated d60 hCOs (related to Fig [6](#emmm201911419-fig-0006){ref-type="fig"}E).BMicrographs of 2D cultures from d30 and d60 dissociated b‐CTRL, UL1, and UL4 hCOs. Cells were immunostained for TUBB3.C, DQuantification of the number of TUBB3^+^ cells related to the number of DAPI^+^ cells in 2D cultures derived from dissociation of d30 (C) and d60 (D).EWestern blot analysis of differentially expressed proteins identified by Mass Spectrometry analysis on b‐CTRL and UL1 hCOs. Different proteins have been quantified on protein extracts from hCOs from both patient\'s lines UL1 and UL4 and from b‐CTRL samples. Quantifications from three independent samples for CTRL and UL4 and four independent samples for UL1 are shown in the plot as average value ± SEM. Fold changes from proteomic analysis for each protein are reported below the plot.FThe 178 differentially expressed proteins were cross‐referenced with the dataset of single‐cell RNA‐seq from human brain fetal cortex (<http://solo.bmap.ucla.edu/shiny/webapp/>; Polioudakis *et al*, [2019](#emmm201911419-bib-0059){ref-type="ref"}) to understand which cells express the regulated proteins. They were then categorized according to their cell expression in 4 groups.GGOChord plot showing relationships between selected representative biological process GO terms and differentially expressed proteins mainly expressed in radial glial cells. The representation shows up (red)‐ and downregulated (green) proteins differentially expressed in UL1 relative to b‐CTRL (−0.3 ≥ log~2~FC ≥ 0.3).Data information: Data are shown as a *Z*‐score of b‐CTRL, and they are represented as mean ± SEM. Statistical significance was based on Mann--Whitney test (\*\**P* \< 0.01). Scale bars: 50 μm in (B). Every dot in the plots refers to the number of quantified independent wells of plated cells derived from a pool of 2 or 3 independent organoids. Exact *P*‐values in [Appendix Table S1](#emmm201911419-sup-0001){ref-type="supplementary-material"}.Source data are available online for this figure.](EMMM-12-e11419-g011){#emmm201911419-fig-0005ev}

Our *in vivo* data support the hypothesis that CSTB and its pathological variant are involved in the regulation of the recruitment and correct positioning of interneurons. Therefore, to validate this function in a human model system, we took advantage of a recently developed protocol that combines patterned ventral and dorsal organoids to specifically reproduce *in vitro* the dorso‐ventral forebrain axis and the tangential migration of ventral interneurons occurring during development (Bagley *et al*, [2017](#emmm201911419-bib-0003){ref-type="ref"}). We generated patterned dorsal organoids with either f‐CTRL or UL1 cells and patterned ventral organoids with f‐CTRL cells, previously stably transfected with GFP, to follow the trajectory of the GFP^+^ control interneurons toward the dorsal organoids. We then fused the organoids (Bagley *et al*, [2017](#emmm201911419-bib-0003){ref-type="ref"}) to obtained fused organoids composed of ventrally derived control neurons and dorsally derived control or patients' cells (Fig [6](#emmm201911419-fig-0006){ref-type="fig"}F). Dorsal organoids were then analyzed at d30 and GFP^+^ ventral cells were quantified starting from a 100‐μm distance from the dorso‐ventral boundary (Fig [6](#emmm201911419-fig-0006){ref-type="fig"}G). The number of ventral GFP^+^ cells that migrated deeper in the dorsal area was significantly decreased in the dorsally patterned UL1 organoids compared to the dorsally patterned f‐CTRL organoids (Fig [6](#emmm201911419-fig-0006){ref-type="fig"}H), suggesting a role of Cstb in the process of recruitment of interneurons also in humans.

Taken together, these results shed new light on the role of CSTB during neurogenesis suggesting that CSTB is involved in correct recruitment and migration of interneurons, an essential developmental process often dysregulated in patients with epilepsy. These data provide a possible mechanism for the loss of GABAergic neuronal terminals described in both the EPM1 mouse model and human patients (Buzzi *et al*, [2012](#emmm201911419-bib-0009){ref-type="ref"}).

To investigate the molecular mechanism(s) underlying the striking cell‐non‐autonomous phenotypes, we performed a TMT‐based quantitative mass spectrometry analysis of the proteins from control and patient\'s organoids at 40 days of development in culture. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez‐Riverol *et al*, [2019](#emmm201911419-bib-0057){ref-type="ref"}) partner repository with the dataset identifier PXD018021. We found 178 differentially represented proteins (Figs [6](#emmm201911419-fig-0006){ref-type="fig"}I and [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}E; [Table EV1](#emmm201911419-sup-0003){ref-type="supplementary-material"}). As expected, some of these proteins belong to biological processes that were already described for the EPM1 disease like oxido‐reduction stress (Lehtinen *et al*, [2009](#emmm201911419-bib-0043){ref-type="ref"}; Butinar *et al*, [2014](#emmm201911419-bib-0008){ref-type="ref"}; Fig [6](#emmm201911419-fig-0006){ref-type="fig"}J). Besides, oligomerization and aggregation of CSTB have been reported as sensitive to redox status of the environment (Ceru *et al*, [2010](#emmm201911419-bib-0013){ref-type="ref"}; Rispoli *et al*, [2013](#emmm201911419-bib-0062){ref-type="ref"}). However, we found de‐regulated biological processes, namely secretion, cell--cell adhesion, and protein--lipid assembly, that indicate a general effect of CSTB deficiency on the mechanisms affecting secretory pathways and cell--cell contact.

To gain more insight, we focus on cell‐type‐specific human expression data (single‐cell RNA‐seq from human brain fetal cortex; Polioudakis *et al*, [2019](#emmm201911419-bib-0059){ref-type="ref"}; <http://solo.bmap.ucla.edu/shiny/webapp/>; Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}F). We then clustered the 178 differentially expressed proteins in four categories (Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}F) and focused on the proteins enriched in radial glial cells (RGs) that represent 7% of the total.

Gene Ontology analysis of the 12 proteins that are RG‐specific ([Table EV2](#emmm201911419-sup-0004){ref-type="supplementary-material"}) indicates that EPM1 hCOs show an altered set of proteins that participate to the formation of the extracellular matrix (Fig [EV5](#emmm201911419-fig-0005ev){ref-type="fig"}G). This result strongly suggests that the neural progenitors are altered in the disease, and this can affect cell proliferation and migration during cortical development. Furthermore, five out of the 12 RG‐specific proteins (COL11A1, RRAS, GLUD1, IFITM3, and MGST1) are involved in human epileptic disorders prompting the hypothesis that modification of the extracellular environment is a common feature in this type of brain disease.

Discussion {#emmm201911419-sec-0014}
==========

Role of CSTB during brain development {#emmm201911419-sec-0015}
-------------------------------------

*CSTB* is the gene that is most often mutated in reported cases of EPM1 disease, and the severity of EPM1 is inversely correlated with the amount of residual functional CSTB protein. EPM1 has been mostly attributed to neuronal apoptosis triggered by cathepsins' activity, physiologically inhibited by CSTB. However, the precise function of CSTB in the developing and adult brain and the relationship between the deficiency of CSTB and the clinical symptoms still remain unknown. The identification of increased Cstb expression in a rat model of epilepsy (D\'Amato *et al*, [2000](#emmm201911419-bib-0017){ref-type="ref"}) and neuronal cellular atrophy in the cortex of *Cstb*‐KO mice indicate that Cstb has a crucial role in the maintenance of normal neuronal architecture. Moreover, other cellular dysfunctions like oxidative damage due to the lack of Cstb may contribute to the pathological phenotype (Shannon *et al*, [2002](#emmm201911419-bib-0068){ref-type="ref"}; Lehtinen *et al*, [2009](#emmm201911419-bib-0043){ref-type="ref"}; Žerovnik, [2019](#emmm201911419-bib-0077){ref-type="ref"}). Functional MRI studies performed on brains of individuals with EPM1 show atrophic changes in the cerebral cortex and, marginally, in the cerebellum. These results indicate that deficiency of CSTB mostly affects the cortical areas of the brain (Nigri *et al*, [2017](#emmm201911419-bib-0051){ref-type="ref"}). Due to the early clinical manifestations of the EPM1 patients (usually at the age of 6 but sometimes even at the age of 3 months), we hypothesized a role of CSTB during the early stages of cortical development.

Interestingly, in hCOs, the low amount of CSTB detected in patient‐derived organoids did not interfere with the general neurogenic program and hCOs developed from both of the EPM1‐derived iPSC lines studied here. Nevertheless, critical levels of CSTB are essential for the correct expansion of the neural progenitors and prevention of premature differentiation.

Moreover, *in vivo*, both overexpression and downregulation of *Cstb* in the developing cortex influence physiological cell proliferation. Therefore, we demonstrated that CSTB has a function during cortical development, and these data may elucidate the cellular mechanism underlying the reduction in cortical thickness seen in patients with EPM1 and in the *Cstb*‐KO mice (Koskenkorva *et al*, [2009](#emmm201911419-bib-0036){ref-type="ref"}; Danner *et al*, [2013](#emmm201911419-bib-0019){ref-type="ref"}).

On the contrary, downregulation or overexpression of a pathological variant of CSTB impacts cell proliferation negatively. Accordingly, patients with low levels of the protein show a reduced brain volume. More strikingly, homozygous patients with non‐functional pathological variants of CSTB (R68X) are microcephalic (Mancini *et al*, [2016](#emmm201911419-bib-0048){ref-type="ref"}).

Cell‐non‐autonomous role of secreted CSTB: interneurons migration and epilepsy {#emmm201911419-sec-0016}
------------------------------------------------------------------------------

By demonstrating that Cstb is secreted into the CSF, we now open new avenues for understanding the striking cell‐non‐autonomous function(s) of CSTB. We show that both cell proliferation and interneuron migration are impaired *in vivo* and in hCOs in cells that have physiological levels of Cstb/CSTB (non‐transfected). To demonstrate the role of secreted CSTB, we switched the conditioned medium of control hCOs and patient\'s organoids. This simple exchange was sufficient to rescue the defect in cell proliferation described in patient‐derived hCOs.

The finding that the secretion of CSTB promotes also the tangential migration and recruitment of interneurons of ventral origin in the mouse developing cortex and dorsally patterned hCOs could explain why the pathological decrease in CSTB creates a condition of latent hyperexcitability that favors myoclonus and seizures. Hence, perturbations of interneurons migration, maturation, and integration into cortical circuits can lead to an imbalance of cortical excitation and inhibition and this contributes to the insurgence of neuropsychiatric disorders, including epilepsy and autism spectrum disorders (ASD) (Rubenstein & Merzenich, [2003](#emmm201911419-bib-0063){ref-type="ref"}; Marín, [2012](#emmm201911419-bib-0049){ref-type="ref"}). Accordingly, the proteomic analysis, performed in COs, highlights cell secretion as one of the biological processes altered in patient hCOs compared to controls. Moreover, many proteins involved in the formation and maintenance of the extracellular matrix are altered (e.g., collagens, vitronectin, and surface proteins that associate with tetraspanins). These novel findings provide possible mechanisms for altered neurogenesis and neuronal migration driven by low levels of CSTB.

Additional players in EPM1 and epilepsies {#emmm201911419-sec-0017}
-----------------------------------------

It is still unclear how different types of progressive myoclonus epilepsies can have synergistic mechanisms since mutations in two other genes, *PRICKLE1* (Prickle planar cell polarity protein 1) and *SCARB2* (Scavenger receptor class B member 2), have been reported in patients with symptoms closely resembling EPM1 (Bassuk *et al*, [2008](#emmm201911419-bib-0005){ref-type="ref"}; Dibbens *et al*, [2009](#emmm201911419-bib-0022){ref-type="ref"}). PRICKLE1 contributes to neuronal morphogenesis, including axonal and dendritic extension during mouse brain development (Liu *et al*, [2013](#emmm201911419-bib-0046){ref-type="ref"}) and localizes adjacent to focal adhesions to promote cell migration (Lim *et al*, [2016](#emmm201911419-bib-0045){ref-type="ref"}). Interestingly, cell adhesion is one of the affected biological processes in our proteomic analysis of patients' hCOs. Furthermore, focal adhesions connect the cytoskeleton to the extracellular matrix (Parsons *et al*, [2010](#emmm201911419-bib-0053){ref-type="ref"}), suggesting that the pathway(s) that are hampered in EPM1 can be in common between different mutated genes. SCARB2 participates in membrane transport and reorganization of the endosomal/lysosomal compartment (Reczek *et al*, [2007](#emmm201911419-bib-0060){ref-type="ref"}). Accordingly, proteomic analyses of CSTB patients' hCOs have altered secretory mechanisms, suggesting other possible converging mechanisms.

It is also interesting to outline that almost half of the proteins that are differentially expressed in EPM1‐derived organoids and enriched in radial glial cells are involved in different types of human epilepsies. For instance, Collagen COL11A1 mutated in the Stickler syndrome, caused by mutations in COL2A1 or COL11A1, is associated with epileptic phenotypes (Savasta *et al*, [2015](#emmm201911419-bib-0066){ref-type="ref"}; Zhou *et al*, [2018](#emmm201911419-bib-0078){ref-type="ref"}); IFITM3 (interferon‐induced transmembrane protein 3) has been identified among genes that are target of epilepsy‐associated miRNA in animal models and human tissues (Cava *et al*, [2018](#emmm201911419-bib-0012){ref-type="ref"}); heterozygous mutation in GLUD1 gene has been reported in patients affected by hyperinsulinism, commonly associated with epileptic seizures (Aka *et al*, [2016](#emmm201911419-bib-0001){ref-type="ref"}); RRAS (Guo *et al*, [2017](#emmm201911419-bib-0028){ref-type="ref"}) and MGST1 (Shang *et al*, [2008](#emmm201911419-bib-0067){ref-type="ref"}; Ercegovac *et al*, [2015](#emmm201911419-bib-0026){ref-type="ref"}) are associated with epilepsy risk.

Taken together, our proteomic results support the novel concept that remodeling of extracellular matrix and contacts between cells are critical processes for epileptogenesis (Dityatev, [2010](#emmm201911419-bib-0023){ref-type="ref"}).

Overall, our data reveal a role for CSTB in regulating the early stages of human neurogenesis. CSTB levels are particularly critical for the maintenance of an appropriate cellular environment in the developing brain. This includes a role of CSTB as a long‐distance signaling molecule crucial for the recruitment of inhibitory neurons, uncovering a possible mechanism through which altered levels of CSTB results in epilepsy.

The possibility to rescue some of the pathological aspects emerged in patients' hCOs by suppressing the signaling triggered by the remodeled extracellular matrix (ECM), might suggest effective therapeutic strategies to antagonize the progression of the pathological phenotype.

Materials and Methods {#emmm201911419-sec-0018}
=====================

Reprogramming of PBMCs from patients and control human samples {#emmm201911419-sec-0019}
--------------------------------------------------------------

PBMCs were isolated from human blood by using SepMate‐50 tubes (StemCell, 15450) according to the manufacturer\'s instructions. PBMCs were collected from (i) a control female sample, 39 years old (b‐CTRL); (ii) an EPM1 female patient sample, 35 years old (UL1); and (iii) an EPM1 female patient sample, 13 years old (UL4). iPSCs were reprogrammed from PBMCs as previously reported (Dowey *et al*, [2012](#emmm201911419-bib-0024){ref-type="ref"}; Chou *et al*, [2015](#emmm201911419-bib-0015){ref-type="ref"}) with some modifications.

iPSCs were generated with the approval of the Ethical commission, Ludwig Maximilian University of Munich, Germany (Project 19‐635). Informed consent was obtained from all subjects and the experiments conformed to the principle set out in the WMA Declaration of Helsinki and the Department of Health and Human Services Belmont Report.

Day 0: A minimum number of 5 × 10^6^ PBMCs were cultured in a 25‐cm^2^ flask containing 5 ml Erythroid Expansion Medium (IMDM 49% v/v, Life Tech 21056023; Ham\'s F‐12 49% v/v, Life Tech 11765‐054; ITS‐X 1% v/v, Life Tech 51500‐056; lipid concentrate 1% v/v, Life Tech 11905031; [l]{.smallcaps}‐Glutamine 1% v/v, Life Tech 25030024; [l]{.smallcaps}‐Ascorbic acid 0,005% w/v, Sigma A8960; BSA 0.5% w/v, Sigma A9418; 1‐thioglycerol 0.0018% v/v, Sigma M6145; human stem cell factor (SCF) 100 ng/ml, PeproTech 300‐07; human IL‐3 10 ng/ml, PeproTech 200‐03; IGF‐1 40 ng/ml, PeproTech 100‐11; Erythropoietin (EPO) 2 units/ml, KMS (Janssen‐Cilag); holo‐transferrin 0.1 mg/ml, R&D Systems 2914‐HAT‐100MG; Dexamethasone 1 μM, Sigma D4902).

Day 1: Cell suspension was transferred into a new 25‐cm^2^ flask. Days 2, 4, and 6: Cells were transferred into a 15‐ml conical tube and centrifuged at 300 × *g* for 5 min. Supernatant was removed, and cells were resuspended in 1 ml fresh Erythroid Expansion Medium and plated in a new 25‐cm^2^ flask containing 5 ml fresh Erythroid Expansion Medium.

Day 8 (day of transfection): Cells were collected in a 15‐ml conical tube, centrifuged at 300 × *g* for 5 min and the cell pellet resuspended in 2 ml fresh Erythroid Expansion Medium.

The cell number was determined using the LUNA‐II Automated Cell Counter from Logos Biosystems according to the manufacturer\'s instructions.

For each nucleofection, 2 × 10^6^ culture‐expanded erythroid cells were transferred into a 15‐ml conical tube and centrifuged at 300 × *g* for 5 min, the supernatant was carefully removed and cells were resuspended in 100 μl CD34^+^ Cell Nucleofector Solution (Lonza, VAPA‐1003). 4 μg MOS (Addgene, 64120), 4 μg MMK (Addgene, 64121), and 2 μg GBX (Addgene, 64123) were added to the cell suspension and mixed well. Cells were electroporated with the reprogramming vectors using the Lonza Nucleofector 2b and program T‐016. The electroporated cells were transferred into 2 ml fresh Erythroid Expansion Medium and plated in one well of a 12‐well plate and incubated for 2 days at 37°C and 5% CO~2~.

Day 10: Electroporated cells were collected into a 15‐ml conical tube and centrifuged at 200 × *g* for 5 min. The cell pellet was resuspended in 1 ml DMEM (Life Technologies, 41965039) supplemented with 10% FCS (Life Technologies, 10270‐106) and transferred to one well of a 12‐well plate, coated with vitronectin (Life Technologies, A14700). The sealed plate was centrifuged at 200 × *g* for 30 min at 25°C and incubated at 37°C, 5% CO~2~.

Day 11: The medium was carefully removed from the culture and collected in a 15‐ml conical tube, and 0.5 ml E8 medium (Life Technologies, A1517001) supplemented with 0.25 mM n‐Butyric Acid Sodium Salt (NaB) (Sigma, B‐5887; MW 110.1) were added to each well. The tubes were centrifuged at 300 × *g* for 5 min, the supernatant was carefully removed and the cell pellet was resuspended in 0.5 ml E8 medium supplemented with 0.25 mM NaB and plated back to the same well so that there was 1 ml of E8 medium supplemented with 0.25 mM NaB per well.

Day 13: The medium was replaced with fresh E8 medium supplemented with 0.25 mM NaB and changed every second day until large colonies of iPSCs become visible. The absence of genomic rearrangements (\> 0.2 Mb) of the iPSCs reprogrammed from PBMCs was confirmed by Copy Number Variation analysis (Danecek *et al*, [2016](#emmm201911419-bib-0018){ref-type="ref"}) performed on genotype data obtained by genome‐wide SNP array (Infinium Global Screening Array‐24 v1.0; Illumina).

Generation and analysis of hCOs {#emmm201911419-sec-0020}
-------------------------------

iPSCs reprogrammed from human newborn foreskin fibroblasts (CRL‐2522, ATCC) (O\'Neill *et al*, [2018](#emmm201911419-bib-0052){ref-type="ref"}; Klaus *et al*, [2019](#emmm201911419-bib-0035){ref-type="ref"}) were used to generate hCOs (f‐CTRL) as previously described (Lancaster *et al*, [2013](#emmm201911419-bib-0041){ref-type="ref"}; Lancaster & Knoblich, [2015](#emmm201911419-bib-0042){ref-type="ref"}). Organoids were kept in 10‐cm dishes on a shaker at 37°C, 5% CO~2~ and ambient oxygen level with medium changes every 3--4 days. Organoids were analyzed at different days after the initial plating of the cells as indicated in the figures presented.

For electroporation, hCOs were kept in antibiotic‐free conditions. Electroporation was performed in hCOs at d35 and fixed 5 days post‐electroporation. During the electroporation, hCOs were placed in an electroporation chamber (Harvard Apparatus, Holliston, MA, USA) under a stereoscope, and using a glass microcapillary, 1--2 μl of plasmid DNAs was injected together with Fast Green (0.1%; Sigma) into different ventricles of the hCOs. The hCOs were subsequently electroporated with five pulses applied at 80 V for 50 ms each at intervals of 500 ms (ECM830, Harvard Apparatus). Following electroporation, hCOs were kept for an additional 24 h in antibiotic‐free media and then changed into the normal media until fixation. The hCOs were fixed using 4% PFA for 1 h at 4°C, cryopreserved with 30% sucrose, and stored at −20°C. For IHC, 16‐μm cryosections were prepared. For each experiment, many independent ventricles per hCO from at least three different hCOs generated in two independent batches were analyzed.

Exchange of conditioned medium from b‐CTRL and UL4 hCOs {#emmm201911419-sec-0021}
-------------------------------------------------------

Conditioned medium (CM) was exchanged between b‐CTRL and UL4 hCO cultures starting from day 7 of the protocol for hCO generation. CM was switched daily from b‐CTRL to UL4 hCOs and vice versa. b‐CTRL and UL4 hCOs cultured without CM exchange were used as controls. CM is composed by half fresh medium and half from organoids in culture. This procedure was followed for 29 days.

At day 36, hCOs were collected for FACS analysis according to the procedure described below. Four samples were analyzed for each condition; every sample was a pool of three hCOs.

Generation of GFP‐labeled iPSC line {#emmm201911419-sec-0022}
-----------------------------------

The GFP‐labeled iPSC line was generated using the piggyBac transposase (1 μg) and PB‐GFP (1 μg) nucleofection (Chen & LoTurco, [2012](#emmm201911419-bib-0014){ref-type="ref"}). Single cells of iPSCs (f‐CTRL) were transfected with the Amaxa Nucleofector 2b (program B‐016). GFP colonies were picked and cultured on Matrigel (Corning/VWR International, 354234)‐coated plates in mTeSR1 basic medium (Stem Cell Technologies, 85850) supplemented with 1× mTeSR1 supplement (Stem Cell Technologies, 85850) at 37°C and 5% CO~2~.

Generation and analysis of fused organoids {#emmm201911419-sec-0023}
------------------------------------------

Fused hCOs were generated as previously described (Bagley *et al*, [2017](#emmm201911419-bib-0003){ref-type="ref"}). Embryoid bodies (EBs) generated from GFP‐labeled f‐CTRL iPSCs were patterned in order to have ventral identity, while non‐labeled f‐CTRL and UL1 iPSCs were patterned in order to have dorsal identity. The fusion of ventralized EBs together with dorsalized ones creates the fused organoids. Briefly, iPSCs were dissociated using Accutase (Sigma‐Aldrich, A6964) and approximately 9,000 cells were transferred to one well of an ultra‐low‐attachment 96‐well plate (Corning). Five days later, during the neuronal induction, in order to induce brain regional patterning, EBs from GFP‐labeled iPSCs were treated individually with SAG (1:10,000) (Millipore, 566660) + IWP‐2 (1:2,000) (Sigma‐Aldrich, I0536) for ventral identity and EBs from f‐CTRL or UL1 iPSCs with cyclopamine A (1:500) (Calbiochem, 239803) for dorsal identity. After 7 days, one ventral EB and one dorsal EB were embedded together into the same Matrigel (Corning/VWR International, 354234) droplet in order to form a fused organoid. After this point, the generation of organoids followed methods according to (Lancaster & Knoblich, [2015](#emmm201911419-bib-0042){ref-type="ref"}).

Dissociation of hCOs to generate 2D cultures {#emmm201911419-sec-0024}
--------------------------------------------

The d30 and d60 hCOs generated from b‐CTRL, UL1, and UL4 iPSCs, were dissociated to single cells using Accutase (Sigma‐Aldrich, A6964). Single cells were then plated onto Polyornithine (10 μg/ml) (Sigma‐Aldrich, P3655)/Laminin (10 μg/ml) (Sigma‐Aldrich, L2020)‐coated coverslips (according to Boyer *et al*, [2012](#emmm201911419-bib-0007){ref-type="ref"} with some modifications) (Boyer *et al*, [2012](#emmm201911419-bib-0007){ref-type="ref"}) in wells of 24‐well plates (Corning). Cells coming from a pool of two to three organoids were plated in six wells of 24‐well plates with neural differentiation medium (Lancaster & Knoblich, [2015](#emmm201911419-bib-0042){ref-type="ref"}). After 3 days in culture, cells were fixed with 4% PFA, and then, immunohistochemical analysis was performed using Tubulin Beta 3 (TUBB3) to evaluate the number of neurons and KI67 to evaluate the number of proliferating cells derived from the organoids.

Mice {#emmm201911419-sec-0025}
----

All the animals used in this research were kept in the animal facility of the Max Planck Institute of Psychiatry, Munich. All the experimental procedures were performed in accordance with German and European Union guidelines. In this study, the C57BL/6J mouse line was used for the evaluation of the effects of Cstb and R68X mutant overexpression on cell proliferation while Tg(Gad2‐EGFP)DJ31Gsat (GAD65‐GFP) transgenic mouse strain (López‐Bendito *et al*, [2004](#emmm201911419-bib-0047){ref-type="ref"}) and Gad1^tm1.1Tama^ (GAD67‐GFP) knock‐in mouse strain (Tamamaki *et al*, [2003](#emmm201911419-bib-0071){ref-type="ref"}) were used to evaluate interneurons migration. The day of vaginal plug was considered as embryonic day 0 (E0). All animals used for *in utero* electroporation were female aged between 4 and 6 months.

Constructs for Cstb or R68X mutant overexpression {#emmm201911419-sec-0026}
-------------------------------------------------

To overexpress Cstb or R68X mutant, we used the plasmid constructs previously described (Cipollini *et al*, [2008](#emmm201911419-bib-0016){ref-type="ref"}). Cstb wt protein sequence or R68X mutant was fused to GFP in pEGFP‐C1 plasmid, and the empty vector was used as control for electroporations in Figs [2](#emmm201911419-fig-0002){ref-type="fig"}A, C, F, G, [EV2](#emmm201911419-fig-0002ev){ref-type="fig"}D, [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}L, and [4](#emmm201911419-fig-0004){ref-type="fig"}E, H, and L. Cstb wt protein sequence or R68X mutant was fused to HA epitope in pRK7‐HA vector (Cipollini *et al*, [2008](#emmm201911419-bib-0016){ref-type="ref"}) and the empty vector was used as control for electroporations in Figs [3](#emmm201911419-fig-0003){ref-type="fig"}D and F, [4](#emmm201911419-fig-0004){ref-type="fig"}N, and [EV3](#emmm201911419-fig-0003ev){ref-type="fig"}G. When HA constructs were used the pmCherry‐C1 plasmid (Clontech) was co‐electroporated to identify the electroporated regions.

*In utero* electroporation {#emmm201911419-sec-0027}
--------------------------

As approved by the Government of Upper Bavaria under license number 55.2‐1‐54‐2532‐79‐2016, pregnant C57BL/6, GAD65‐GFP, and GAD67‐GFP mice were used. They were weighed and anesthetized by intraperitoneal injection of saline solution containing fentanyl (0.05 mg/kg body weight), midazolam (5 mg/kg body weight), and medetomidine (0.5 mg/kg body weight) (Btm license number 4518395), and embryos were electroporated at E14 as described (Saito, [2006](#emmm201911419-bib-0065){ref-type="ref"}). Plasmids were mixed with Fast Green (2.5 mg/μl; Sigma) and injected at a final concentration of 1 μg/μl. Anesthesia was terminated by injection of buprenorphine (0.1 mg/kg body weight), atipamezole (2.5 mg/kg body weight), and flumazenil (0.5 mg/kg body weight). Brains were fixed 2 or 3 dpe in 4% PFA for 4 h. For immunohistochemistry, 25‐μm sections were prepared using a cryotome. For each experiment, at least three different mouse brains per condition were analyzed.

BrdU injections {#emmm201911419-sec-0028}
---------------

Mice received a single intraperitoneal BrdU injection (50 mg/kg body weight) and were sacrificed 30 min later. Tissue preparation and processing were performed as described above.

Primary cell cultures from mouse embryonic cerebral cortex {#emmm201911419-sec-0029}
----------------------------------------------------------

Brains were isolated from embryos of E14 timed pregnant C57BL/6 wild‐type mice according to Stahl *et al* ([2013](#emmm201911419-bib-0070){ref-type="ref"}). Briefly, cortices were dissected and pooled in HBSS buffer with 10 mM HEPES and cortical cells were enzymatically dissociated using 0.05% trypsin/EDTA for 15 min at 37°C with subsequent resuspension of cells in DMEM containing 10% fetal calf serum (FCS) to stop the enzymatic reaction. Then, a fire‐polished Pasteur pipette, preincubated in DMEM/FCS to coat the glass was used to mechanically dissociate the cells.

Nocodazole treatment: Primary cortical cells were plated at a density of 4 × 10^5^ cells/well (of a 24‐well plate) in DMEM+B27 1:50 and penicillin/streptomycin. The medium was replaced after 2 days *in vitro* and at 5 days after plating the cells, adding 100 ng/ml nocodazole (Sigma‐Aldrich) to the medium. After 4 h, CM was recovered, filtered on 0.22‐μm membranes (Millipore) and 10% of the recovered CM was analyzed by WB.

Transfections with shRNA: Dissociated cells were transfected with the Amaxa Nucleofector. The plasmids expressing short hairpins for kinesins were a gift from Tsai *et al* ([2010a](#emmm201911419-bib-0072){ref-type="ref"},[b](#emmm201911419-bib-0073){ref-type="ref"}). shRNAs were inserted into the pRNAT‐U6.1/Neo vector (Genscript):

shRNA Kif5a: GGTGCTGAATGGACTGATGAAshRNA Kif1a: TCCAGAACTTGACTCCAAGAA.

At 4 days post‐transfection, CM was recovered and filtered on 0.22‐μm membranes (Millipore) and 10% of the recovered CM was analyzed by WB.

Transfection for overexpression of Cstb and R68X mutant: dissociated cells were transfected with the Amaxa Nucleofector. pEGFP‐C1 plasmid as a control or pEGFP‐Cstb or pEGFP‐R68X was transfected. At 4 days post‐transfection, cells were lysed in RIPA buffer and CM was recovered, filtered on 0.22‐μm membranes (Millipore) and 10% of the recovered CM was analyzed by WB.

Immunohistochemistry {#emmm201911419-sec-0030}
--------------------

For IHC, sections were post‐fixed using 4% PFA for 10 min and permeabilized with 0.3% Triton for 5 min. After post‐fixation and permeabilization, sections were blocked with 0.1% Tween, 10% Normal Goat Serum (Biozol, VEC‐S‐1000). Primary and secondary antibodies were diluted in blocking solution. Nuclei were visualized using 0.5 mg/ml 4,6‐diamidino‐2‐phenylindole (DAPI) (Sigma‐Aldrich, D9542). Immunostained sections were analyzed using a Leica laser‐scanning microscope.

Notably, for CSTB antibody, we carried out an extra pretreatment for antigen retrieval before the post‐fixation step: We incubated the section in a freshly made 10 mM citric buffer (pH 6) in a microwave for 1 min at 720 W and for 10 min at 120 W and then left it to cool down for 20 min at RT.

Prior to BrdU immunostaining, DNA was denaturated by 30‐min incubation in 4 M HCl, followed by neutralization for 10 min in 0.1 M sodium borate at pH 8.5. Two 5‐min washing steps were performed before continuing with the immunohistochemical procedure.AntigenDilutionVendorCatalog no.CSTB1:500AntikoerperAbIN271833ACETYLATED TUBULIN1:6,000Sigma‐AldrichT7451PH31:500Millipore06‐570GAPDH1:6,000MilliporeCB1001GFP1:1,000Aves LabGFP‐1020RFP1:1,000Rockland600‐901‐379DCX1:2,000MilliporeAB2253TUBB31:500Sigma‐AldrichT8660KI67 (mouse Ab)1:500DAKOM7248KI67 (rabbit Ab)1:500AbcamAB15580ACTIN (Actb)1:1,000Merck MilliporeMAB1501BrdU1:200AbcamAB6326PAX61:500AbcamAB78545Ccnd11:100Thermo ScientificRM‐9104‐S0TBR21:500Merck MilliporeAb2283

CSF sample collection {#emmm201911419-sec-0031}
---------------------

Samples of CSF were collected from the fourth ventricle using microcapillary samplers (E14, typically 1--2 μl) (Johansson *et al*, [2006](#emmm201911419-bib-0032){ref-type="ref"}). All CSF samples were microscopically examined for traces of blood over a white background and samples that showed any sign of blood contamination were discarded.

Western blot {#emmm201911419-sec-0032}
------------

iPSCs and tissues from mouse cortices were lysed in RIPA buffer with protease and phosphatase inhibitors (Roche, Basel, Switzerland) and proteins were separated by SDS--PAGE with a 12.5% acrylamide gel. 50 mM DTT was added to some protein extracts (Fig [EV4](#emmm201911419-fig-0004ev){ref-type="fig"}C) in order to dissociate protein aggregates and to verify that CSTB (MW 11 kDa) was absent and not forming aggregates. GAPDH (MW 37 kDa) and Actb (MW 42 kDa) immunostaining were used as loading controls. CM from hCO cultures was collected and concentrated by using Amicon^®^ Ultra‐15 Centrifugal Filter Units according to the instructions (Millipore, UFC901024). We took care of collecting the same volume of CM from wells or from 10‐cm dishes with comparable numbers of cells or hCOs in culture. Proteins were transferred to a nitrocellulose membrane (GE Healthcare, Chalfont St Giles, Buckinghamshire, Great Britain). After blotting, membranes were shortly colored with a Ponceau Red solution (Serva, 33427.01) in order to verify the quality of the transfer. For detection, membranes were incubated with primary antibodies overnight, then with horseradish peroxidase‐labeled secondary antibodies at room temperature, and afterward treated with ECL Western Blotting Detection Solution (Millipore, Billerica, MA, USA) to visualize bands. Bands were quantified using ImageJ software.

FACS analysis: intracellular FACS and nuclei isolation {#emmm201911419-sec-0033}
------------------------------------------------------

For intracellular FACS analysis, hCOs (at 60 days in culture) were collected. Three to four samples were analyzed as biological replicates; every sample contained three individual hCOs. The procedure followed was described previously (Barbosa *et al*, [2016](#emmm201911419-bib-0004){ref-type="ref"}; Di Giaimo *et al*, [2002](#emmm201911419-bib-0021){ref-type="ref"}; Klaus *et al*, [2019](#emmm201911419-bib-0035){ref-type="ref"}) with the difference that DCX^+^ cells were resuspended in staining solution containing Alexa Fluor 488 anti‐guinea pig. For the CM exchange protocol, Ki67 (1:200; marca) and PH3 (1:300; marca) stainings were used to detect proliferating cells and as secondary antibodies Alexa Fluor 488 anti‐rabbit was used.

For nuclei isolation from d135 organoids, we followed the methods according to Krishnaswami *et al* ([2016](#emmm201911419-bib-0038){ref-type="ref"}), with small modifications. Briefly, hCOs were dissociated by Dounce homogenization and filtered with BD Falcon tubes with a cell strainer cap (352235, Corning). RNase inhibitor (M0314, NEB) (0.4 U/μl) and DNase I (M0303, NEB) (1 U/μl) were added to the homogenization buffer. RNase inhibitor (0.2 U/μl) was added to the blocking solution. Primary antibodies against Pax6 (PRB‐278p; Biolegend) and NeuN (MAB377; Millipore) were used at 1:2,500 dilution and 1:1,000, respectively. Secondary antibodies goat anti‐rabbit Alexa Fluor 488 (A‐11008; Thermo Scientific) and Alexa Fluor^®^ 546 Goat Anti‐Mouse IgG1 (γ1) (A‐21123; Thermo Scientific) were used at 1:2,500 dilution. DAPI (D9542) (0.5 mg/ml) was added during the last 10 min of the secondary antibody incubation. Only a fraction of hCO homogenate was incubated with secondary antibodies and analyzed as controls for setting the FACS gates.

FACS analysis was performed with a FACS Melody (BD) in BD FACS Flow TM medium, with a nozzle diameter of 100 μm. Debris and aggregated cells were gated out by forward scatter, sideward scatter; single cells were gated out by FSC‐W/FSC‐A. Gating for fluorophores was done using samples stained with secondary antibody only.

Generation and validation of microRNAs targeting the *Cstb* gene {#emmm201911419-sec-0034}
----------------------------------------------------------------

MicroRNAs (miRNAs) targeting mouse *Cstb* gene was generated using the BLOCK‐iT system from Invitrogen (Thermo Fisher). miRNA sequences were determined using Invitrogen\'s RNAi design tool. *Cstb*‐targeting miRNA oligonucleotides were annealed and ligated into a GFP‐containing entry vector pENTR‐GW/EmGFP‐miR containing the miRNA backbones using T4 DNA Ligase (Thermo Fisher). Afterward, the miRNA sequences (plus GFP) were cloned into the pCAG‐GS destination vector using the Gateway system (Thermo Fisher) according to the manufacturer\'s recommendations. The resulting miRNA expression plasmid was sequenced. The knockdown efficiency of the miRNA was tested via qPCR and was validated by immunohistochemistry on primary E14 cortex cells (Stahl *et al*, [2013](#emmm201911419-bib-0070){ref-type="ref"}). miRNA‐Cstb was then used for neural progenitor transfection in the developing mouse cortex by *in utero* electroporation. The following constructs were chosen. A miRNA with scrambled sequence ("miRneg") was used as negative control

Oligo nameSequence (5′--3′)miRNA‐Cstb topTGCTGTTTCGATTCAAGCTGGGACTTGTTTTGGCCACTGACTGACAAGTCCCATTGAATCGAAAmiRNA‐Cstb bottomCCTGTTTCGATTCAATGGGACTTGTCAGTCAGTGGCCAAAACAAGTCCCAGCTTGAATCGAAACmiRneg topTGCTGAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACTTCTCCACGCAGTATTTCAGGmiRneg bottomCCTGAAATGTACTGCGTGGAGACGTCAGTCAGTGGCCAAAACGTCTCCACGCGCAGTATTTCAGCA

RNA extraction, cDNA synthesis, and real‐time qPCR {#emmm201911419-sec-0035}
--------------------------------------------------

iPSCs and NEUN^+^ and PAX6^+^ nuclei from FACS sorting were lysed in QIAzol^®^ Lysis Reagent (Qiagen, 79306). RNA was extracted using RNA Clean & Concentrator Kit (Zymo Research, R1015) and cDNA was synthesized using SuperScript III reverse transcriptase (Thermo Fisher, 18080‐044) with Random primers (Invitrogen, 48190‐11) according to the manufacturer\'s protocol. Subsequently, qPCR was performed in triplicates on a LightCycler^®^ 480 II (Roche) using the LightCycler^®^ 480 SYBR Green I Master (\#04707516001, Roche).

The primers sequences were as follows:

*CSTB:* FW: 5′‐CTGTGTTTAAGGCCGTGTCA‐3′; RV: 5′‐AGGTCAGCTCATCATGCTTG‐3′ (Wang *et al*, [2014](#emmm201911419-bib-0075){ref-type="ref"})*GAPDH:* FW: 5′‐AATCCCATCACCATCTTCCAGGA‐3′; RV: 5′‐TGGACTCCACGACGTACTCAG‐3′*PAX6*: FW: 5′‐ACCCATTATCCAGATGTGTTTGC‐3′; RV: 5′‐ATGGTGAAGCTGGGCATAGG‐3′ (Li *et al*, [2017](#emmm201911419-bib-0044){ref-type="ref"})*NEUN*: FW: 5′‐CCAAGCGGCTACACGTCT‐3′; RV: 5′‐GCTCGGTCAGCATCTGAG‐3′ (Giorgetti *et al*, [2012](#emmm201911419-bib-0027){ref-type="ref"})*NESTIN*: FW: 5′‐GGGAAGAGGTGATGGAACCA‐3′; RV: 5′‐AAGCCCTGAACCCTCTTTGC‐3′ (Giorgetti *et al*, [2012](#emmm201911419-bib-0027){ref-type="ref"}).

The qPCR was done with initial denaturation at 95°C for 10 min, followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. Relative expression was calculated using the *ΔΔC* ~*p*~ method.

Quantifications and statistical analyses {#emmm201911419-sec-0036}
----------------------------------------

Statistical analysis and plotting of data were performed with GraphPad Prism^®^ version 7.04. Statistical significance between unpaired groups was analyzed using *t*‐test. Statistical significance between two unpaired groups was analyzed using Mann--Whitney test as indicated in the figure legends. All experiments were reproduced at least three times independently and all attempts at replication were successful. No randomization was performed, but different batches of cerebral organoids and different animals for each experiment were used (at least *n* = 3). Analysis was not performed blindly, but all acquired data were verified by a second investigator.

Sample preparation for proteomic analyses {#emmm201911419-sec-0037}
-----------------------------------------

A pool of 20--30 different b‐CTRL or UL1 hCOs were lysed in RIPA buffer (50 mM Tris--HCl pH 8.8, 150 mM NaCl, 0.1% SDS, 0.5% NP‐40, 0.5% DOC; protease and phosphatase inhibitor cocktail; Sigma‐Aldrich). Protein concentration was determined by Bradford assay (Bio‐Rad). An aliquot of 100 μg of proteins was used for mass spectrometry analysis. Proteins were diluted in triethylammonium bicarbonate buffer (TEAB, 100 mM final concentration) containing 1% SDS. The protein concentration was then determined by using the Pierce BCA Protein assay kit (Thermo Scientific, Rockford, Illinois, USA). For each condition, equal amounts of proteins (80 μg in 100 μl of 100 mM TEAB) were digested with trypsin and labeled with the following TMT isobaric tags according to the procedure described elsewhere (Napolitano *et al*, [2019](#emmm201911419-bib-0050){ref-type="ref"}; Russo *et al*, [2019](#emmm201911419-bib-0064){ref-type="ref"}): 129N and 127C for UL1 and b‐CTRL samples, respectively. TMT‐labeled samples were then mixed and diluted in 2% TFA to a final concentration of 0.5 μg/μl for LC‐MS/MS analyses.

High‐resolution nanoLC--Tandem mass spectrometry {#emmm201911419-sec-0038}
------------------------------------------------

Aliquots of TMT‐labeled peptides (2.5 μg) were analyzed by high‐resolution nanoLC--tandem mass spectrometry using a Q‐Exactive Orbitrap mass spectrometer equipped with an EASY‐Spray nanoelectrospray ion source (Thermo Scientific, Rockford, Illinois, USA), coupled to a Thermo Scientific Dionex UltiMate 3000 RSLCnano system (Thermo Scientific, Rockford, Illinois, USA) as reported elsewhere (Russo *et al*, [2019](#emmm201911419-bib-0064){ref-type="ref"}).

Protein identification and quantification {#emmm201911419-sec-0039}
-----------------------------------------

The acquired raw files were analyzed with the Thermo Scientific Proteome Discoverer 2.1 software (Thermo Scientific, Rockford, Illinois, USA) using the SEQUEST HT search engine. The HCD MS/MS spectra were searched against the Homo sapiens Uniprot_sprot database (release 2019_11, 20380 entries) by using the following parameters: trypsin (Full) as digestion enzyme with two missed cleavage sites; mass tolerances: 10 ppm and 0.02 Da, for precursor and fragment ions, respectively; dynamic modification: methionine oxidation (+15.995 Da); static modifications: carbamidomethylation of cysteine (+57.021 Da) and the TMT label on lysines and the N‐terminus (229.1629). False discovery rates (FDRs) for peptide spectral matches (PSMs) were calculated and filtered using the Percolator node in Proteome Discoverer that was run with the following settings: Maximum Delta Cn 0.05, a strict target FDR of 0.01, a relaxed target FDR of 0.05, and validation based on q‐value. Protein identifications were accepted when the protein FDR was below 1% and when present in at least two out of three replicate injections with at least two peptides.

Bioinformatic analyses {#emmm201911419-sec-0040}
----------------------

For bioinformatic analyses, proteins with log~2~ fold change values (log~2~FC) ≥ 0.3 and ≤ −0.3 were considered as differentially expressed (DE). The enriched Gene Ontology (GO) Biological Processes for DE proteins terms were extracted by using the g:GOSt tool of the g:Profiler toolset (<https://biit.cs.ut.ee/gprofiler/gost>). g:SCS‐adjusted *P*‐values were considered significant if \< 0.05. GOChord plots of selected GO categories were drawn through the GOplot package v 1.0.2 of the RStudio v 1.2.1335 environment for R (<http://www.R-project.org>). Volcano plot of DE proteins was also drawn in RStudio.
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